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Abstract	This	 work	 aims	 to	 characterize	 the	 performance	 of	 an	 improved	 4DCT	technique	 aiming	 to	 overcome	 irregular	 breathing-related	 image	 artifacts.	 	 To	address	 this,	 we	 have	 developed	 respiratory	 motion	 guided	 (RMG)	 4DCT,	 which	uses	 real-time	 breathing	 motion	 analysis	 to	 prospectively	 gate	 scans	 based	 on	detection	of	irregular	breathing.		This	is	the	first	investigation	of	RMG-4DCT	using	a	real-time	 software	 prototype,	 testing	 the	 hypothesis	 that	 it	 can	 reduce	 breathing	irregularities	 during	 imaging,	 reduce	 image	 oversampling	 and	 improve	 image	quality	 compared	 to	 a	 “Conventional”	 4DCT	 protocol	without	 breathing	 guidance.		RMG-4DCT	 scans	 were	 simulated	 based	 on	 100+	 hours	 of	 breathing	 motion	acquired	for	20	lung	cancer	patients.		Scan	performance	was	quantified	in	terms	of	the	beam-on	time	(a	surrogate	for	imaging	dose),	total	scan	time	and	the	breathing	irregularity	during	imaging	(via	RMSE	of	the	breathing	motion	during	acquisition).		A	 Conventional	 4DCT	 protocol	 was	 also	 implemented	 using	 the	 same	 software	prototype	 for	 a	 direct	 comparator	 to	 the	RMG-4DCT	 results.	 	We	 investigated	 the	impact	of	key	RMG-4DCT	parameters	such	as	gating	tolerance,	gantry	rotation	time	and	 the	 use	 of	 baseline	 drift	 correction.	 	 Using	 a	 representative	 set	 of	 algorithm	parameters,	RMG-4DCT	achieved	significant	mean	reductions	in	estimated	imaging	dose	 (-17.8%,	 p<0.001)	 and	 breathing	 RMSE	 during	 imaging	 (-12.6%,	 p<0.001)	compared	 to	 Conventional	 4DCT.	 These	 improvements	 came	with	 increased	 scan	times,	 roughly	 doubled	 on	 average	 (104%,	 p<0.001).	 	 Image	 quality	 simulations	were	 performed	 using	 the	 deformable	 digital	 XCAT	 phantom,	 with	 image	 quality	quantified	 based	 on	 the	 normalized	 cross	 correlation	 (NCC)	 between	 axial	 slices.	RMG-4DCT	 demonstrated	 qualitative	 image	 quality	 improvements	 for	 3	 out	 of	 10	phase	 bins,	 however	 the	 improvement	 was	 not	 significant	 across	 all	 10	 phases	(p=0.08)	at	a	population	level.	 	In	choosing	RMG-4DCT	scan	parameters,	the	trade-off	 between	 gating	 sensitivity	 and	 scan	 time	 may	 be	 optimized,	 demonstrating	potential	for	RMG-4DCT	as	a	viable	pathway	to	improve	clinical	4DCT	imaging.	
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1.	Introduction	Modern	 lung	 cancer	 radiotherapy	 relies	 on	 respiratory-correlated	 four-dimensional	 computed	 tomography	 (4DCT)	 to	 localize	 lung	 tumours	 affected	 by	breathing	motion,	which	can	occasionally	exceed	30	mm	(Keall	et	al	2006).	 	4DCT	provides	 “3D+time”	 images	of	 the	patient	anatomy	resolved	 to	different	phases	of	the	breathing	cycle,	which	is	achieved	through	the	synchronous	acquisition	of	X-ray	projections	 and	 respiratory	 signal.	 	 The	 respiratory	 signal,	 which	 is	 typically	acquired	via	infrared	marker	tracking	(Keall	et	al	2004,	Vedam	et	al	2002),	pressure	sensor	 belts	 (Li	 et	 al	 2006),	 or	 spirometry	 (Low	 et	 al	 2003),	 is	 retrospectively	analyzed	 to	 define	 a	 set	 of	 8-10	 respiratory	 “phase	 bins”	 for	 4D	 slice	 sorting	 (e.g.	peak-exhale,	 mid-inhale,	 peak-inhale,	 etc.).	 	 4DCT	 has	 been	 implemented	 in	 both	helical	 (Keall	 et	al	2004,	Vedam	et	al	2002)	and	cine	 (Low	et	al	2003)	acquisition	modes	 but	 has	 remained	 largely	 unchanged	 since	 its	 commercial	 introduction	 in	2003.	 The	central	problem	for	4DCT	is	irregular	breathing,	which	leads	to	anatomic	displacement	mismatches	between	CT	slices	acquired	in	a	given	breathing	phase at 
different couch positions as seen in Figure 1(a).		Yamamoto	et	al.	found	that	up	to	90%	of	 clinical	 4DCT	 scans	 contain	 at	 least	 one	 image	 artifact	 of	 magnitude	 >4mm	(Yamamoto	 et	 al	 2008),	 referring	 to	 anatomic	 truncation,	 duplication,	 missing	structures	or	blurring.	 	4DCT	image	artifacts	introduce	tumor	volume	and	position	uncertainties	as	large	as	30%	between	different	4D	phase	bins	(Persson	et	al	2010)	or	 different	 observers	 (Brink	 et	 al	 2011)	 and	 these	 uncertainties	 can	 potentially	impact	 the	 probability	 of	 tumour	 control	 by	 as	much	 as	 1/3	 (Martin	 et	 al	 2015).	Several	studies	have	attempted	to	compensate	for	irregular	breathing	by	modifying	the	 4DCT	 image	 reconstruction	 or	 by	 applying	 specialized	 post-processing	 to	standard	4DCT	reconstructions.	 	For	example,	Werner	et	al.	 investigated	strategies	for	optimized	projection	binning	(Werner	et	al	2016),	and	Ehrhardt	et	al.	presented	a	method	 to	 interpolate	missing	or	discontinuous	 image	data	across	neighbouring	4DCT	 phase	 images	 using	 deformable	 image	 registration	 (Ehrhardt	 et	 al	 2007).		However,	 any	 post-processing	 technique	 is	 ultimately	 limited	 by	 the	 4DCT	 data	actually	 acquired,	 and	may	 imply	 “wasted”	 imaging	 dose	where	 erroneous	 image	
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data	is	rejected.		Our	approach	focuses	on	modifying	the	acquisition	itself,	as	this	is	the	 only	 way	 to	 fully	 compensate	 for	 breathing	 irregularities	 of	 the	 patient	 and	avoid	excessive	or	wasted	imaging	dose.	
	Figure	1:	4DCT	 image	quality	simulations	using	 the	deformable	digital	XCAT.	 	 It	 is	observed	 that:	 (a)	 irregular	 breathing	 causes	 4DCT	 reconstruction	 artifacts	 in	Conventional	 4DCT,	 and	 that	 (b)	 respiratory	 motion	 guided	 (RMG)	 4DCT	 can	improve	 4DCT	 image	 quality	 by	 prospectively	 gating	 for	 regular	 breathing.	 The	breathing	 traces	 and	 XCAT	 images	 are	 adapted	 from	 (Keall	 et	 al	 2006)	 and	(Bernatowicz	et	al	2015).		The	purpose	of	this	study	is	to	characterize	the	performance	of	an	improved	4DCT	method	 that	 prospectively	 gates	 the	 acquisition	 for	 regular	 breathing.	 	 Our	method,	“Respiratory	motion-guided”	(RMG)	4DCT,	analyzes	the	patients	breathing	in	real-time	and	pauses	the	acquisition	if	irregular	breathing	is	detected,	as	seen	in	Figure	1(b).		RMG-4DCT	is	based	on	the	work	of	Langner	and	Keall	who	performed	the	 first	 simulations	 for	103	patient	 lung	 tumor	motion	 traces	 (Langner	and	Keall	2008).		They	found	a	20%	reduction	of	breathing	motion	errors	during	imaging,	and	a	 reduction	 of	 imaging	 dose	 by	 up	 to	 50%.	 	 Keall	 et	 al.	 also	 performed	 proof-of-concept	 experiments	 demonstrating	 qualitative	 image	 quality	 improvements	 for	 a	
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lung	slab	phantom	(Keall	et	al	2007).	 	Bernatowicz	et	al.	 (Bernatowicz	et	al	2015)	and	 Pollock	 et	 al.	 (Pollock	 et	 al	 2016)	 later	 performed	 off-line	 image	 quality	simulations	using	a	realistic	deformable	digital	human	phantom.	 	Recently,	Castillo	et	al	(Castillo	et	al	2014)	and	Pan	et	al	(Pan	et	al	2017)	proposed	a	regularity	gating	method	 wherein	 a	 human	 operator	 pauses	 the	 scan	 if	 breathing	 is	 observed	 to	become	 irregular.	 	 This	 manual	 approach	 demonstrated	 a	 reduction	 in	 4DCT	artifacts	 that	 can	 be	 qualitatively	 meaningful,	 however,	 there	 remains	 a	 need	 to	quantify	this	potential	improvement	using	large-scale	statistical	analysis.	This	 work	 builds	 on	 those	 previous	 studies	 by	 investigating	 the	 first	implementation	of	RMG-4DCT	that	 is	both	 fully	computer-controlled	and	based	on	fully	 real-time	 signal	 processing.	 	 We	 perform	 an	 extensive	 in	 silico	 performance	characterization	 using	 an	 advanced	 software	 prototype	 that	 accepts	 real-time	breathing	sensor	data	as	input.		Real-time	output	logs	are	used	to	quantify	the	RMG-4DCT	 scan	 performance	 in	 terms	 of	 clinically	 meaningful	 parameters:	 (i)	 the	breathing	irregularity	during	imaging	(a	surrogate	for	image	quality),	(ii)	the	beam-on	 time	 (a	 surrogate	 for	 imaging	 dose),	 (iii)	 overall	 scan	 time	 and	 (iv)	 simulated	4DCT	 image	 quality.	 4DCT	 image	 quality	 simulations	 are	 performed	 using	 the	 4D	extended	 cardiac-torso	 (XCAT)	 deformable	 digital	 human	 phantom	 (Segars	 et	 al	2010)	using	a	published	4DCT	imaging	simulation	methodology	(Bernatowicz	et	al	2015,	Pollack	et	al.	2016).		We	test	the	hypotheses	that	RMG-4DCT	can	significantly	improve	 breathing	 regularity	 during	 imaging,	 reduce	 the	 estimated	 imaging	 dose	and	 improve	simulated	 image	quality	compared	to	Conventional	4DCT.	 	The	study	design	for	this	work	is	shown	in	Figure	2.			 We	 point	 out	 that	 in	 silico	 studies	 have	 the	 advantage	 of	 replicating	 real-world	 situations	 via	 computer	 models	 feasibly,	 economically	 and	 with	 increased	productivity	 (Travassos	 and	 Barros	 2003).	 The	 only	 practical	 component	missing	from	our	RMG-4DCT	prototype	is	the	ability	to	output	a	physical	X-ray/couch	trigger	signal.	 This	 functionality	 is	 currently	 under	 development.	 The	 results	 from	 this	study	 will	 motivate	 and	 inform	 future	 experimental	 and	 clinical	 studies	 of	 RMG-4DCT.	
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	Figure	2:	Flow	diagram	showing	schema	for	simulation	experiments	comparing	cine	mode	and	RMG-4DCT	as	well	as	parametric	sub-study	experiments.	
	
2.	Materials	and	Methods	
2.1.	Respiratory	motion	data		 We	 analyzed	 >100	 hours	 of	 patient	measured	 breathing	motion	 data	 (564	motion	 traces	 for	 20	 patients)	 acquired	 during	 fluoroscopic	 kilovoltage	 (kV)	imaging	as	part	of	a	lung	tumor	motion	study	(Smith	et	al	2015).		Breathing	motion	traces	were	acquired	using	the	Real-Time	Position	Management	(RPM)	respiratory	gating	 system	 (Varian	 Medical	 Systems,	 Palo	 Alto,	 USA)	 which	 uses	 an	 infrared	
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camera	 to	 track	 the	 motion	 of	 an	 abdominal	 marker	 block.	 	 The	 RPM	 files	 were	manually	trimmed	to	include	data	between	the	first	and	last	kV	beam-on	flags,	with	a	small	amount	of	padding	(<	1	min)	on	either	side.	Since	the	patients’	kV	imaging	was	 performed	 within	 the	 context	 of	 a	 radiation	 therapy	 treatment	 session,	 we	excluded	 any	RPM	 traces	 containing	 a	 suspected	 couch	 correction	or	with	 a	 large	number	 of	 flatlined	 data	 (e.g.	 >50	 datapoints)	 which	 was	 thought	 to	 indicate	 a	problem	 with	 the	 RPM	 setup	 and/or	 trace	 acquisition.	 A	 total	 of	 523	 traces	remained	after	this	curating	procedure.		The	RPM	trace	duration	had	a	(mean	±	SD)	value	of	 (10.8	±	2.4)	min,	 average	peak-to-peak	motion	 range	of	 (10.0	±	4.2)	mm,	average	 breathing	 period	 (4.0	 ±	 1.2)	 s	 and	 displacement	 root	mean	 square	 error	(RMSE)	of	(2.1	±	1.4)	mm.		The	RMSE	calculation	is	described	in	Sec.	2.4.				
2.2.	Description	of	the	RMG-4DCT	prototype:		 An	RMG-4DCT	software	prototype	was	 implemented	 in	C#	with	a	graphical	user	 interface	 (GUI)	 in	 Microsoft	 Visual	 Studio	 2010	 (Microsoft,	 Redmond,	 WA,	USA).		The	prototype	makes	use	of	an	in-house	software	library	in	order	to	play	back	the	RPM	data	 from	file	as	 if	 the	patient	was	actually	 there,	 replicating	 the	original	30-40	Hz	 datastream.	 The	 library	 includes	 real-time	 phase	 estimation	 based	 on	 a	method	by	Ruan	et	al	(Ruan	et	al	2008),	and	implemented	by	O’Brien	et	al.	(O’Brien	et	al	2014,	Cooper	et	al	2015).			The	RMG-4DCT	scan	decision	tree	is	shown	in	Figure	3.		The	scan	begins	with	a	 “training”	 session	 where	 the	 real-time	 breathing	 displacement	 and	 phase	 are	recorded	for	a	duration	of	TTraining	=	60	seconds.	Immediately	following	the	training	session,	 the	breathing	data	 is	 sorted	 into	N	discrete	phase	bins	as	set	by	 the	user,	with	the	bins	spaced	equally	in	the	phase	domain	between	0	and	2π.		For	each	phase	bin	number	Φ	=	1,2…N,	we	then	derive	a	set	of	“gating	windows”	bounded	by	upper	and	lower	breathing	displacement	values	DUpper,	Lower	(Φ),	
	 DUpper,Lower	(Φ)	=	DMean(Φ)	±	Γ	×	DSD(Φ)	 	 	 (1)		where	 DMean(Φ)	 and	 DSD(Φ)	 are	 the	 mean	 and	 standard	 deviation	 of	 the	displacement	 in	phase	bin	Φ	respectively.	 	 The	 scalar	Γ	 is	 the	 “gating	 tolerance,”	
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which	 may	 take	 any	 value	 > 0	 and	 defines	 the	 width	 of	 the	 gating	 windows	 in	absolute	 terms.	 	 In	 establishing	 the	 gating	 tolerance	 (Γ),	 we	 are	 able	 to	 classify	breathing	 regularity	 in	 real-time	 as	 “regular”	 or	 “irregular”	 based	 on	whether	 the	breathing	 displacement	 is	 inside	 or	 outside	 the	 bounds	 DUpper(Φ)	 and	 DLower(Φ),	respectively.	
	Figure	3:	Real-time	decision	tree	for	RMG-4DCT.		Once	the	gating	windows	are	determined,	each	new	breathing	signal	triggers	a	decision-tree	that	determines	whether	to	switch	the	X-Ray	beam	on/off	or	move	the	 couch.	 These	 decisions	 are	 made	 by:	 (i)	 comparing	 the	 current	 breathing	displacement	 D(t)	 against	 the	 gating	 limits	 for	 the	 current	 phase	 bin,	 DUpper,Lower	(Φ(t))	and	(ii)	by	keeping	track	of	which	4D	phase	bins	have	already	been	imaged	at	the	 current	 couch	 position.	 Each	 X-ray	 “beam	 on”	 event	 corresponds	 to	 a	 single	gantry	rotation,	with	overlapping	acquisitions	allowed.		When	all	N	phases	at	a	given	couch	position(s)	have	been	 imaged,	 the	scan	pauses	 for	a	 finite	 idle	 time	Tidle	=	1	
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second	as	 the	 couch	moves	 to	 the	next	position.	This	process	 repeats	until	 all	 the	target	 phase	 bins	 have	 been	 imaged	 at	 all	 required	 couch	 positions.	 Notably,	 the	RMG-4DCT	 scan	 specifically	 avoids	 “over-sampling”	 and	 “under-sampling”	 of	projection	data	at	any	given	phase	bin	and	couch	position.	The	 prospective	 gating	 is	 “real-time”	 in	 the	 sense	 that	 the	 decision	 tree	 of	Figure	2	is	traversed	on	a	timescale	10-15	ms	faster	than	the	incoming	data	stream.	The	 prototype	 provides	 real-time	 logging	 of	 the	 RMG-4DCT	 controller	 state	 for	offline	 analysis	 (e.g.	 X-ray	 beam	 on/off,	 couch	 position,	 real-time	 breathing	displacement	and	phase).		The	only	practical	component	missing	from	the	prototype	is	 the	ability	 to	output	a	physical	X-ray/couch	trigger	signal,	a	 functionality	 that	 is	currently	under	development.				
2.3.	Description	of	Conventional	4DCT	simulations:	The	RMG-4DCT	prototype	may	be	optionally	 run	 in	 a	 “Conventional”	mode	that	 emulates	 clinical	 (cine	 mode)	 4DCT.	 Compared	 to	 RMG-4DCT,	 the	 two	 main	differences	 for	 the	 Conventional	 4DCT	 simulations	 are	 as	 follows:	 (i)	 For	 any	 one	couch	 position,	 raw	 data	 acquisition	 is	 performed	 continuously	 for	 at	 least	 the	duration	of	one	 complete	breathing	 cycle	of	 the	patient	 (ideally).	 	 This	 is	done	by	setting	 a	 finite	 couch	 stay	 time,	Tcouch = (TAvg + 1) 	seconds	 where	𝑇!"# is	 the	average	 breathing	 period	 during	 the	 training	 session	 (Rietzel	 et	 al	 2005),	 plus	 1	second	to	compensate	for	patient	breathing	variations.	Additionally,	(ii)	there	is	no	restriction	 placed	 on	 over-	 or	 under-sampled	 phase	 bins	 at	 any	 given	 couch	position.		
2.4.	Description	of	scan	performance	metrics	For	each	of	the	523	motion	traces,	RMG	and	Conventional	4DCT	acquisitions	were	 compared	 in	 terms	of	 three	 key	performance	metrics:	 (i)	 estimated	 imaging	dose,	 quantified	 based	 on	 the	 total	 beam-on	 time	 in	 minutes	 as	 a	 surrogate	 for	imaging	dose,	(ii)	the	total	acquisition	time	in	minutes	and	(iii)	the	level	of	breathing	irregularity	during	the	X-ray	beam	on	time	as	a	surrogate	for	image	quality.		We	also	investigate	the	impact	of	applying	a	baseline	drift	correction.		These	settings	all	have	
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the	 potential	 to	 impact	 the	 trade-off	 between	 breathing	 regularity,	 scan	 time,	estimated	image	dose	and	temporal	resolution.		To	explain	our	focus	on	the	beam-on	time,	we	note	that	a	first	order	estimate	of	the	imaging	dose	should	be	proportional	to	 )TI( BeamOnTube × 	where	ITube	is	the	tube	current	(mA)	during	imaging	and	TBeamOn	is	the	amount	of	time	(s)	spent	with	the	X-ray	beam	turned	on.	Assuming	that	 the	mA	setting	 is	held	constant	 irrespective	of	the	gantry	rotation	speed,	then	the	estimated	image	dose	is	proportional	to	TBeamOn .		It	should	be	recognized	that	this	is	different	to	some	clinical	4DCT	protocols,	where	the	gantry	speed	and	mA	settings	will	be	adjusted	based	on	the	patients	breathing	rate	such	that	the	imaging	dose	remains	the	same,.	The	maximum	needed	beam	on	 time	 for	RMG-4DCT	 scans	 to	 acquire	 a	 full	4DCT	data	 set,	 is	TBeamOnMax = (TRot ×P×N) ,	where	TRot is	 the	 gantry	 rotation	 time,	P	 is	the	number	of	couch	positions	and	N	is	the	number	of	phase	bins.	 	For	the	case	of	
TRot 	=	0.25,	0.5	or	1.0	s,	we	get	TBeamOnMax =	50,	100	or	200	s	respectively.	Owing	to	the	potential	 overlap	 between	 different	 phase	 bins	 at	 any	 given	 couch	 position,	 in	practice	the	beam	on	time	for	any	given	scan	may	be	less	than	TBeamOnMax .		 The	 breathing	 irregularity	 during	 beam	 on	 time	 is	 quantified	 using	 the	displacement	root	mean	square	error	(RMSEBeamOn)	similar	to	the	method	proposed	by	Venkat	et	al.	(Venkat	et	al	2008),			
𝑅𝑀𝑆𝐸!"#$%& =  (𝐷!,! − 𝐷!)!𝑁 × 𝑀!!!!!!!!                                                (𝟐)  		Here	𝐷!,!	denotes	 a	 discrete	 breathing	 signal	 datapoint	 recorded	 during	 the	 beam	on	time,	which	has	an	index	i	=	{1,	2,	…,	M}	and	is	retrospectively	binned	according	to	 a	 phase	 bin	ϕ	 =	 {1,	 2,	…,	N},	where	N=360	 for	 the	 purposes	 of	 this	 study.	 The	RMSEBeamOn	is	then	calculated	by	taking	the	root	mean	squared	difference	between	each	 discrete	 datapoint	𝐷!,!	and	 the	 average	 displacement	 for	 that	 phase	 bin,	𝐷! .	
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The	RMSEBeamOn	is	calculated	without	any	baseline	drift	subtraction	and	has	units	of	mm	(in	accordance	with	the	absolute	scale	of	the	breathing	signal).			
2.6.	Investigational	sub-studies	of	RMG	acquisition	parameters:	A	series	of	 sub-studies	were	undertaken	 to	explore	 the	effects	of	key	RMG-4DCT	 algorithm	 parameters	 on	 the	 scan	 performance.	 	We	 note	 that	 some	 of	 the	algorithm	 parameters	 were	 fixed	 across	 all	 substudies,	 namely	 we	 simulate	 the	acquisition	of	N=10	 respiratory	phase	bins	 imaged	at	P=20	couch	positions.	 For	a	typical	1	or	2	cm	collimation	at	the	isocenter,	this	corresponds	to	an	axial	coverage	in	the	range	40	or	80	cm,	respectively.	 	In	the	case	that	a	simulated	scan	exceeded	the	 available	 RPM	 data,	 the	 respiratory	 motion	 data	 was	 looped	 over	 from	 the	beginning	 to	 ensure	 all	 simulations	were	 completed.	 	 This	 was	 done	 by	 stitching	respiratory	 motion	 waveforms	 together	 end-to-end,	 without	 any	 further	modification.		As	such,	it	is	theoretically	possible	to	achieve	very	long	(>10	minute)	scan	 times	 in	 the	 case	 of	 a	 restrictive	 gating	 tolerance	 and/or	 highly	 irregular	breathing	motion.		To	determine	statistical	significance	of	the	different	algorithm	settings	on	the	scan	performance,	we	performed	two-tailed	paired	t-tests	with	a	significance	 level	set	at	p=0.05.	In	each	case,	the	null	hypothesis	was	that	the	parameter	in	question	does	not	have	a	significant	 impact	on	the	scan	quality	metrics.	Figure	3	shows	the	study	 design	 and	 workflow	 for	 cine	 mode	 4DCT	 and	 RMG-4DCT	 analysis	 in	 this	work,	which	is	further	described	below.	
	
2.6.1.	Impact	of	fixed	gating	tolerance	The	 gating	 tolerance	 Γ	 (from	 Eq	 1)	 controls	 the	 trade	 off	 between	 gating	precision	and	scan	 time	 i.e.	 if	 the	gating	windows	are	 too	strict,	 (e.g.	Γ	<<0.1),	 the	scan	may	take	too	long.		If	the	gating	windows	are	too	wide	(e.g	Γ	>>10),	the	benefit	to	 image	 accuracy	 may	 be	 lost.	 	 The	 optimal	 value	 is	 anticipated	 to	 be	 patient	specific,	based	on	the	level	of	breathing	regularity	for	that	patient.		In	this	substudy	we	tested	the	RMG-4DCT	performance	for	a	number	of	fixed	Γ	values	(0.5,	1.0,	2.0,	4.0,	8.0,	and	16.0).	 	For	 this	substudy	 the	gantry	rotation	 time	was	 fixed	at	0.25	s,	and	baseline	subtraction	was	turned	off.	 	We	refer	to	Sec.	2.5.3	and	2.5.4	 for	more	
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information	 on	 the	 gantry	 rotation	 time	 and	 baseline	 subtraction	 parameters,	respectively.		
2.6.2.	Impact	of	adaptive	gating	tolerance	selection	We	 test	 the	 algorithm	 performance	 using	 an	 adaptive	 Γ	 selection	 scheme	wherein	 the	Γ	value	 is	doubled	whenever	 the	 time	between	successive	couch	shift	events	 (i.e.	 the	 time	 required	 for	 acquisition	 of	 all	 10	 phase	 bins)	 exceeds	 10	breaths.	We	can	write	this	adaptive	strategy	as	Γ(n)=	Γ0	×	2n	where	n	is	the	number	of	 total	 adaptations	 (starting	 at	 n=0)	 and	 Γ0	=	 0.5	 is	 the	 pre-determined	 starting	value.		Based	on	this	scheme,	the	subsequent	possible	tolerance	values	are	1.0,	2.0,	4.0,	 and	 so	 on	 up	 to	 a	 maximum	 value	 of	 1000	 after	 which	 Γ	 is	 capped.	 As	 in	substudy	2.5.1,	here	 the	gantry	rotation	 time	was	 fixed	at	0.25	s,	and	 the	baseline	subtraction	was	turned	off.		
2.6.3.	Impact	of	gantry	rotation	speed	We	 considered	 three	 gantry	 rotation	 times	 reflecting	 a	 range	 of	 clinically	available	 CT	 scanners:	 trot	 =	 0.25,	 0.50	 or	 1.00	 seconds.	 	 In	 these	 simulations	we	assumed	 that	 a	 full	 360-degree	 rotation	 was	 required	 for	 the	 CT	 slice	reconstruction.		As	a	result	these	simulations	could	overestimate	the	minimum	time	required	to	acquire	a	single	CT	slice	by	a	factor	[ !"!°!"#°!!θ]	where	θ	is	the	CT	fan	angle	in	 degrees.	 For	 this	 substudy	 we	 used	 the	 adaptive	 gating	 tolerance	 selection	strategy	(with	Γ	starting	at	0.5)	and	baseline	subtraction	turned	off.		
2.6.4.	Impact	of	baseline	correction	An	advantage	of	the	real-time	phase	estimation	method	by	Ruan	et	al.	is	the	ability	to	both	detect,	and	correct	for	any	baseline	drift	during	the	acquisition	(Ruan	et	 al	 2008).	 Bernatowicz	 et	 al.	 found	 that	 the	 lack	 of	 baseline	 subtraction	 could	prevent	 acquisition	 within	 acceptable	 time	 frames	 (Bernatowicz	 et	 al	 2015).	 	 As	such,	 we	 analyzed	 the	 RMG-4DCT	 prototype	 performance	 both	 with	 and	 without	baseline	 shift	 subtraction.	When	 active,	 this	 subtraction	 was	 applied	 both	 during	training	 and	 the	 scan	 itself,	 however	 was	 not	 applied	 when	 calculating	 the	
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RMSEBeamOn.	 	 For	 this	 substudy	 we	 used	 the	 adaptive	 gating	 tolerance	 selection	strategy	(with	Γ0	=	0.5)	and	a	gantry	rotation	speed	of	0.25	s.		
2.7.	Simulating	4DCT	image	quality	using	XCAT		The	XCAT	simulation	strategy	employed	in	this	study	is	similar	to	the	method	employed	by	Bernatowicz	(Bernatowicz	et	al	2015)	and	Pollock	(Pollock	et	al	2016).	For	the	case	of	both	RMG-4DCT	and	Conventional	4DCT,	the	real-time	simulation	log	files	are	used	 to	specificy	 the	XCAT	geometry	at	 the	 first	 `beam-on’	event	 for	each	required	phase	bin	and	couch	position.	Where	an	appropriate	beam-on	event	was	indeed	recorded,	the	corresponding	XCAT	is	generated	and	a	set	of	contiguous	axial	slices	 are	 extracted	 according	 to	 the	 logged	 couch	 position.	 The	 extracted	 axial	slices,	together	with	the	logged	couch	position	and	real-time	phase	are	then	used	for	phase-based	 4DCT	 reconstruction.	Where	 an	 appropriate	 beam-on	 event	 was	 not	recorded,	the	CT	slice	information	is	copied	from	the	closest	neighbouring	phase	bin	at	 the	 same	 couch	 position.	 Compared	 to	 the	 studies	 by	 Bernatowicz	 et	 al.	 and	Pollock	et	al.,	the	main	difference	here	is	the	use	of	real-time	RMG-4DCT	simulation	logs	 -	 as	 opposed	 to	 an	 offline	 calculation	 of	 beam	on	 and	 couch	 shift	 events	 -	 in	determining	 the	XCAT	geometry.	 In	assessing	 image	quality	we	compared	 the	 two	limiting	cases:	RMG-4DCT	using	a	fixed	gating	tolerance	of	Γ	=	0.5,	and	Conventional	4DCT.		All	XCAT	simulations	used	the	same	clinically	relevant	scan	parameters	( 	=	0.5s,	20	couch	positions	and	8	detector	rows).	4DCT	scans	were	reconstructed	into	10	phase	bins	with	axial	resolution	1	mm2	and	slice	thickness	2	mm.	One	challenge	in	using	the	XCAT	is	that	the	available	motion	data	is	a	1D	RPM	trace	whereas	 the	XCAT	 requires	motion	 at	two	control	 points:	 the	 chest	wall	 (AP	motion)	and	the	apex	of	the	diaphragm	(SI).		As	such,	we	applied	a	rescaling	of	the	RPM	 trace	 to	 provide	 a	 10mm/20mm	 motion	 range	 for	 the	 XCAT	 in	 the	 chest	(AP)/diaphragm	(SI)	axes	respectively.	 	The	scaling	 factor	was	set	specific	 to	each	motion	trace	based	on	the	beam-on	events	during	Conventional	4DCT.	This	means	that	 large	 amplitude	 events	 during	 the	 Conventional	 4DCT	 scan	 (for	 example,	extreme	coughing)	could	lead	to	an	apparently	small	motion	range	in	the	RMG-4DCT	images	 if	 that	 same	 large-amplitude	 event	was	 not	 captured	 (for	 example	 due	 to	prospective	 gating).	 Conversely,	 cases	 of	 unusually	 small	 motion	 during	 the	
TRot
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Conventional	4DCT	scan	could	 lead	 to	apparently	 large	motions	 in	 the	RMG-4DCT	images	 if	 the	RMG-4DCT	 acquisition	 encountered	 larger-amplitude	 sections	 of	 the	breathing	trace	on	account	of	taking	longer.	To	account	for	these	issues,	we	rejected	cases	where	 the	motion	 scaling	 procedure	 produced	 an	 RMG-4DCT	motion	 range	that	 was	 considered	 either	 unreasonably	 small	 (SI	 <10	 mm,	 AP	 <	 5mm)	 or	unreasonably	large	(SI	>24	mm,	AP>12	mm)	where	here	the	upper	limit	is	related	to	the	 limits	 of	 the	XCAT	 software.	 	Another	drawback	of	 our	 scaling	method	 is	 that	neither	 hysteresis,	 nor	 left-right	 internal	 motion	 was	 modeled.	 These	 limitations	should	be	kept	in	mind	when	considering	the	implications	of	RMG-4DCT	for	patients	with	breathing	motion	in	two	or	more	dominant	motion	axes.	In	 total,	 488	 pairs	 of	 RMG-4DCT	 and	 Conventional	 4DCT	 simulations	were	deemed	 acceptable.	 The	 simulations	 took	 approximately	 2.5	weeks	 of	 continuous	processing	using	64	parallel	threads	on	a	Linux	computational	cluster	with	384	GB	ram.						
	
2.7.1	Image	quality	metrics			 For	 XCAT	 simulations,	 4DCT	 image	 quality	 was	 assessed	 utilizing	 the	normalized	cross	correlation	(NCC)	method	developed	by	Cui	(Cui	et	al	2012)	and	previously	applied	to	XCAT	simulations	by	Pollack	(Pollock	et	al	2016).	Firstly,	the	NCC	of	pixel	values	between	each	pair	of	adjacent	axial	slices	is	calculated	for	each	4DCT	phase	image	as	follows:			 𝑁𝐶𝐶 𝜙, 𝑧 = 𝐼 𝜙, 𝑧 𝐼 𝜙, 𝑧 + 1!,!𝐼 𝜙, 𝑧 ! × 𝐼 𝜙, 𝑧 + 1 !!,!!,!                                       (𝟑)  		For	Equation	(3),	Φ	denotes	the	phase	bin,	z	denotes	the	axial	slice	and	x,	y	refer	to	the	pixel	location	in	the	transverse	plane.	NCC	varies	between	a	value	of	+1.0	and	-1.0	where	a	value	of	+1.0	corresponds	to	perfect	image	similarity.		We	are	then	able	to	 extract	 an	 image	 artefact	 quantification	 in	 the	 form	 of	 the	 NCC-differential	(NCCDiff)	which	comprises	the	sum	of	differences	in	NCC	values	at	couch	transition	points	for	a	given	phase	bin:		 	
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𝑁𝐶𝐶!"## 𝜙 = 12 (𝑁𝐶𝐶 𝜙, 𝑧! − 1 + 𝑁𝐶𝐶 𝜙, 𝑧! + 1 − 𝑁𝐶𝐶(𝜙, 𝑧!)]!"!!!  (𝟒)		For	equation	(4),	zn	indicates	the	slice	index	at	the	transition	between	the	nth	and	(n	+	 1)th	 couch	 position.	 NCCDiff,	 values	 closer	 to	 0	 indicate	 smaller	 changes	 in	 NCC	values	 at	 couch	 transitions,	 suggesting	 fewer	 anatomic	 discontinuities	 and	 better	image	quality.		
	
	
3.	Results:	
3.1.	Studying	the	impact	of	key	RMG-4DCT	algorithm	parameters:	
3.1.1.	Impact	of	fixed	gating	tolerance		 We	 compared	 the	RMG-4DCT	 scan	performance	 based	 on	 fixed	Γ	 values	 of	0.5,	 1.0,	 2.0,	 4.0,	 8.0	 and	 16,	where	 a	 decreasing	Γ	 value	 indicates	 a	more	 “strict”	breathing	 regularity	 gating.	 	 We	 used	 a	 gantry	 rotation	 time	 0.25	 seconds	 in	 all	cases.		The	boxplots	in	Figure	4(a)	compare	the	impact	of	Γ	in	terms	of	beam	on	time	(white	boxes),	and	total	scan	time	(shaded	boxes),	both	reported	in	minutes.	 	Each	box	shows	the	result	of	523	simulations	with	the	upper,	middle	and	lower	box	edges	indicating	 the	 90th,	 50th	 and	 10th	 percentiles	 respectively.	 	 Similarly	 Figure	 4(b)	shows	 the	 impact	 of	 the	 Γ	 value	 on	 the	 breathing	 irregularity	 during	 imaging,	 as	quantified	 by	 the	 RMSEBeamOn	 (mm).	 	 We	 observed	 that	 the	 median	 value	 of	RMSEBeamOn	 decreased	 by	 about	 20%	 (from	 0.8	 mm	 down	 to	 0.6	 mm)	 when	decreasing	 Γ	 from	 16	 to	 0.5	 (p	 <	 0.001).	 	 For	 the	 most	 irregular	 breathers	 (90th	percentile),	 the	RMSEBeamOn	decreased	by	>0.5	mm	 (approximately	30%)	over	 this	same	 Γ	 range.	 For	 Γ	 ≤	 2,	 the	 median	 RMSEBeamOn	 was	 smaller	 than	 the	 median	breathing	irregularity	during	training	(RMSETraining,	shown	by	the	dashed	red	line	in	the	figure).		Conversely,	decreasing	the	gating	tolerance	lead	to	an	increase	in	total	scan	times	from	a	median	value	of	3.2	min	(Γ	=	16)	to	8.2	min	(Γ	=	0.5),	a	~160%	increase	 (p	 <	 0.001).	 Beam-on	 times	 also	 showed	 a	 statistically	 significant,	 small	increase	 in	 the	 median	 values	 from	 1.1	 min	 (Γ	 =	 16)	 to	 1.3	 min	 (Γ	 =	 0.5).	 	 We	observed	that	the	total	beam-on	time	did	not	decrease	significantly	with	increasing	gating	 tolerance	above	 Γ	 =	 4.0	 and	 total	 scan	 time	 did	 not	 significantly	 decrease	
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above	Γ	=	8.0.	 	Based	on	these	results,	we	posit	 that	a	 fixed	gating	tolerance	value	between	Γ	=	2.0-4.0	may	achieve	a	reasonable	balance	between	total	scan	time	and	minimization	of	RMSE	during	beam	on.		
	
3.1.2.	Impact	of	adaptive	gating	tolerance	selection		 The	 histogram	 in	 Figure	 5(a)	 shows	 the	 distribution	 of	 gating	 tolerance	values	upon	scan	completion,	ΓEnd,	when	repeating	the	523	RMG-4DCT	simulations	using	 the	 adaptive	 gating	 tolerance	 selection	 strategy	 with	 Γ0=0.5.	 Of	 the	 523	simulations,	60%	achieved	ΓEnd	≤	2.0.	Figure	5(b)	investigates	the	correlation	of	ΓEnd	against	the	range	of	baseline	positions	detected	during	the	scan,	which	we	take	as	an	indicator	 for	 the	 magnitude	 of	 baseline	 drift.	 We	 observed	 that	 ΓEnd	 showed	 a	moderate	positive	correlation	with	baseline	drift	based	on	the	Spearman	correlation	coefficient	(ρ=0.56).	 	In	other	words,	larger	baseline	drifts	lead	to	the	selection	of	larger	gating	tolerance	values	at	the	end	of	the	scan.	This	is	further	elaborated	upon	in	 section	 3.1.4	 wherein	 the	 impact	 of	 baseline	 shift	 correction	 on	 acquisition	 is	examined.			 In	Figure	5(b)	we	observe	that	a	handful	of	scans	exhibited	very	large	values	for	ΓEnd.		The	worst	case	is	shown	in	Figure	5(c),	where	ΓEnd	achieved	the	upper	limit	of	1000.		Here	the	grey	and	black	data	show	the	real-time	breathing	signal	and	the	corresponding	 value	 of	 log10(Γ),	 respectively.	 	 At	 first	 glance	 this	 trace	 does	 not	appear	unusual;	based	a	60-second	 training	window	the	average	breathing	period	was	 TAvg	 =	 4.4s	 and	 amplitude	 was	 1.9cm.	 	 However,	 upon	 closer	 inspection	 of	Figure	 5(d)	 it	 is	 observed	 that	 the	 breathing	 pattern	 resembles	 a	 set	 of	 repeated	breath	holds,	separated	by	5-15	breaths	all	with	highly	variable	peak	exhale/inhale	amplitudes.	As	a	 result	of	 these	 combined	 irregularities,	 the	RMG-4DCT	controller	would	 repeatedly	 wait	 for	 >10	 breaths	 at	 any	 one	 couch	 position,	 each	 time	necessitating	a	doubling	of	 the	Γ	value.	 In	total,	 there	were	9	traces	 for	which	ΓEnd	>50,	 all	 with	 characteristics	 of	 irregular	 breathing	 that	 escaped	 our	 curating	procedure	(see	Sec.	2.1).		We	have	chosen	to	retain	these	data	points	to	emphasize	the	challenge	of	the	real-time	gating	procedure.	
	
3.1.3.	Impact	of	Gantry	rotation	speed	
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The	RMG-4DCT	scan	performance	was	compared	for	gantry	rotation	times	of	0.25,	0.5	and	1.0	seconds.		Based	on	the	results	of	Sections	3.1.1.	and	3.1.2.,	we	used	an	adaptive	gating	tolerance	selection	with	Γ0	=	0.5.		The	box-plots	in	Figure	6	show	the	impact	of	gantry	rotation	speed	on	(a)	total	scan	times	(white	boxes)	and	beam	on	 times	 (shaded	 boxes)	 while	 (b)	 shows	 the	 RMSEBeamOn.	 	 We	 found	 that	acquisitions	with	gantry	rotation	times	of	0.25s	demonstrated	(mean	±	SD)	values	of	(5.81	±	2.17)	min.,	(1.25	±	0.17)	min.,	and	(0.90	±	0.73)	mm	for	scan	duration,	beam	on	 times,	 and	 RMSEBeamOn,	 respectively.	 	 For	 a	 0.5s	 gantry	 rotation,	 the	 scan	duration,	beam	on	time,	and	RMSEBeamOn	were	(5.99	±	2.16)	min.,	(1.81	±	0.34)	min.,	and	(1.02	±	0.79)	mm	respectively.	 	The	respective	values	 for	a	1.0s	rotation	 time	were	 (6.40	±	2.14)	min.,	 (2.63	±	0.54)	min.,	 and	 (1.13	±	0.85)	mm.	 	 The	beam-on	time,	total	scan	time	and	RMSEBeamOn		were	all	significantly	reduced	(p	<	0.001)	when	reducing	the	gantry	rotation	period	from	1.0	to	0.25s.		
	
3.1.4.	Impact	of	Baseline	shift	correction	We	 investigated	 the	 use	 of	 baseline	 shift	 correction	 for	 RMG-4DCT	 scans	using	 an	 adaptive	 gating	 tolerance	 selection	 with	 Γ0	 =	 0.5.	 The	 subtraction	 was	applied	both	during	training	and	the	scan	itself.	The	baseline	correction	resulted	in	(mean	±	SD)	values	of	(5.28	±	2.10)	min.,	(1.27	±	0.17)	min.,	and	(1.01	±	0.79)	mm	for	scan	duration,	beam	on	times,	and	RMSEBeamOn,	respectively.		By	comparison,	the	corresponding	values	without	baseline	correction	were	(5.81	±	2.17)	min.,	 (1.25	±	0.17)	min.,	 and	 (0.90	 ±	 0.73)	mm	 respectively.	 	We	 observed	 that	 the	mean	 total	scan	time	was	significantly	reduced	using	baseline	correction	(p	<	0.001),	however	the	 beam	 on	 times	 and	 RMSEBeamOn	were	 both	significantly	 increased	 (p	 <	 0.001).		Based	on	these	observations,	the	use	of	baseline	shift	correction	was	deemed	to	be	sub-optimal	with	respect	 to	estimated	 image	dose	and	breathing	regularity	during	imaging.	
	
3.2.	General	performance	comparisons	between	RMG-4DCT	and	Conventional	
4DCT	 Figures	7(a)	 and	 (b)	 compare	 the	 cumulative	distribution	 functions	 (CDFs)	for	 RMG	 and	 Conventional	 4DCT	 acquisitions	 using	 optimized	 RMG-4DCT	
Page 17 of 34 AUTHOR SUBMITTED MANUSCRIPT - PMB-106880.R1
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
Ac
ce
p e
d 
an
us
cri
pt
parameters	based	on	the	results	of	Sec.	3.1.	In	this	case	RMG	4DCT	uses	an	adaptive	gating	 tolerance	strategy	starting	at	Γ0=0.5,	 gantry	rotation	 time	0.25	seconds	and	baseline	 subtraction	 turned	 off.	 	 The	 Conventional	 4DCT	 scan	 mode	 also	 uses	 a	gantry	rotation	time	of	0.25	seconds.	 	RMG-4DCT	showed	significant	reductions	 in	the	mean	beam-on	time	(1.52	±	0.39	min	for	Conventional	4DCT	versus	1.25	±	0.17	min	for	RMG-4DCT),	and	in	the	mean	RMSEBeamOn	(1.02	±	0.69	mm	for	Conventional	4DCT	versus	0.90	±	0.73	mm	for	RMG-4DCT).	 	These	advantages	came	at	a	cost	 in	overall	 scan	 times,	 which	 were	 increased	 from	 2.85	 ±	 0.40	 min	 in	 Conventional	4DCT	to	5.81	±	2.17	min	for	RMG-4DCT.		These	quantities	are	summarized	in	Table	1.	 	 It	was	 also	 observed	 that	RMG	acquisitions	 consistently	 acquired	100%	of	 the	image	information	(10	phase	bins	at	20	couch	positions)	for	every	scan	regardless	of	parameter	 selection	 because	 of	 the	 study	 design.	 	 However,	 Conventional	 4DCT	acquisitions	 routinely	 acquired	 less	 than	 this	 (by	 ~5%,	 on	 average).	 	 This	observation,	 in	 conjunction	 with	 the	 fact	 that	 beam-on	 times	 were	 significantly	larger	 for	 conventional	 acquisition	 suggests	 that	 significant	 oversampling	 is	 also	present	in	Conventional	4DCT,	such	that	elimination	of	oversampling	in	RMG-4DCT	plays	a	large	role	in	reducing	the	estimated	imaging	dose.		
3.3	Simulated	4DCT	image	quality	metrics	NCCDiff	values	were	generated	for	all	10	phase	bins	in	488	pairs	of	simulated	RMG-4DCT	 and	 Conventional	 4DCT	 scans.	 Visually,	 smaller	 NCCDiff	 values	 were	associated	with	better	4DCT	image	quality.	As	an	example,	sagittal	views	of	a	“high	impact”	case	(showing	the	single	largest	difference	in	NCCDiff	values	between	paired	RMG-4DCT	and	Conv.	4DCT	scans)	are	presented	in	in	Figure	8(a).	Similarly	a	“low	impact”	 case	 (showing	 the	 single	 smallest	 difference	 in	 paired	 NCCDiff	 values)	 is	shown	in	Figure	8(b).		In	Figure	8(a),	the	difference	in	NCCDiff	values	is	~	1.1,	and	in	this	 case	 RMG	 4DCT	 shows	 a	 clear	 improvement	 over	 Conventional	 4DCT	 in	representation	 of	 the	 spherical	 tumour	 (which	 is	 located	 near	 the	 dome	 of	 the	diaphragm	and	is	intensified	in	the	Figure).	By	comparison	panel	(b)	shows	the	case	where	 NCCDiff	 is	 small	 (approx.	 =	 0),	 and	 in	 this	 case	 both	 scan	 modes	 provide	reasonable	tumour	visualization.		
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The	boxplot	in	Figure	8(c)	shows	the	distribution	of	NCCDiff	values	on	a	per-phase	basis	between	the	two	acquisition	modes,	where	the	upper,	middle	and	lower	edges	 of	 each	 box	 indicate	 the	 90th,	 50th	 and	 10th	 percentiles	 off	 NCCDiff	 values,	respectively.		When	evaluated	for	statistical	significance	at	the	0.05	level,	RMG-4DCT	performed	better	 than	Conventional	 4DCT	 for	phase	bins	 around	maximal	 exhale,	with	smaller	NCCDiff	values	of	0.63	vs.	0.72	for	phase	bin	8	(p~0.02),	0.11	vs.	0.33	for	phase	 bin	 9	 (p<<10-3)	 and	 0.057	 vs.	 0.075	 for	 phase	 bin	 10	 (p<<10-3).	 Somewhat	 counterintuitively,	 RMG-4DCT	 was	 inferior	 for	 some	 phase	 bins	 around	 maximal	inhale,	e.g.	with	larger	NCCDiff	values	of	0.63	vs.	0.45	for	phase	bin	6	(p<<10-3)	and	0.75	vs.	0.59	for	phase	bin	7	(p<<10-3).	Some	of	the	differences,	though	statistically	significant,	appear	so	small	as	to	be	negligible	(c.f.	phase	bin	1	with	NCCDiff	values	of	0.069	vs.	0.067,	and	p~0.03).	For	any	given	phase	bin,	the	largest	impact	is	seen	for	the	upper	10%	(above	the	 90%	 centile	 line)	 of	 NCCDiff	 values,	 where	 RMG-4DCT	 exhibited	 smaller	maximum	NCCDiff	values	for	8	out	of	10	phase	bins.		Comparing	the	distributions	on	a	 population	 level	 independent	 of	 phase	 bin,	 overall	 mean	 NCCDiff	 values	 were	similar	 for	RMG-4DCT	(0.38	±	0.39)	and	Conventional	4DCT	(0.39	±	0.39),	and	the	distributions	of	NCCDiff	values	were	not	statistically	significant	(p	=	0.08).															
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Table	1.	 	Comparison	of	gating	performance	between	RMG-4DCT	and	Conventional	4DCT	based	on	the	representative	simulation	parameters	described	 in	Sec.	3.1.	 	 In	this	 case	 RMG-4DCT	 uses	 an	 adaptive	 gating	 tolerance	 strategy	 starting	 at	 Γ=0.5,	gantry	rotation	time	0.25	seconds	and	with	baseline	subtraction	turned	off.		
Modality	 Total scan time (min) (Mean ± SD)  
Beam on time (min)  
(Mean ± SD) 
RMSEBeamOn (mm) 
(Mean ± SD) 
RMG-4DCT	 5.81	±	2.17	 1.25	±	0.17	 0.90	±	0.73	
Conventional	 2.85	±	0.40	 1.52	±	0.39	 1.02	±	0.69	
Δ (%)*	 +103.8	(p<0.0001)	 -17.8	(p<0.0001)		 -11.8		(p<0.0001)	
*For	a	parameter	‘x’,	the	Δ(%)	is	the	relative	difference	defined	as	[( x RMG –xConventional)/x	Conventional]×100%				 	
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	Figure	4:	Boxplots	comparing	RMG-4DCT	scan	performance	for	the	case	of	different	fixed	gating	tolerance	values.	The	plots	show:	(a)	total	scan	time	and	beam	on	time,	and	(b)	and	RMSEBeamOn.		Each	box	shows	the	spread	of	523	simulated	scans	with	the	upper,	 middle	 and	 lower	 edges	 referring	 to	 the	 90th	percentile,	 median	 and	 10th	percentile	 respectively.	 	 In	 Figure	 (b),	 the	 red	 line	 represents	 the	 median	 RMSE	during	the	initial	60-second	training	session	(median	RMSETraining=	0.71mm).		
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	Figure	 5:	 Investigations	 of	 RMG-4DCT	 using	 an	 adaptive	 selection	 of	 the	 gating	tolerance	Γ.	Plots	show:	(a)	the	distribution	of	gating	tolerance	values	at	the	end	of	each		scan	(ΓEnd),	(b)	the	correlation	of	ΓEnd	with	the	measured	baseline	drift	in	each	scan,	 (c)	 an	 example	 showing	 the	 real-time	 breathing	 motion	 (grey	 curve)	 and	gating	 tolerance	(black	curve)	 for	 the	single	worst	patient	case	where	ΓEnd	=	1000,	and	(d)	a	close	up	view	of	plot	(c)	demonstrating	the	highly	complex	and	irregular	breathing	motion	for	this	case.			
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	Figure	6:	Boxplots	comparing	RMG-4DCT	scan	performance	for	the	case	of	different	gantry	 rotation	 times.	All	 simulations	used	 the	 adaptive	 tolerance	 selection	mode.	The	upper,	middle	and	lower	edges	of	each	box	refer	to	the	90th	percentile,	median	and	10th	percentile	respectively.	 	 In	Figure	(b),	 the	red	 line	represents	 the	median	RMSE	during	the	initial	60-second	training	session	(median	RMSETraining=	0.71mm).	
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		Figure	7:	Comparisons	of	Conventional	and	RMG-4DCT	scan	performance	using	the	cumulative	 distribution	 function	 (CDF)s	 for	 (a)	 total	 scan	 time,	 (b)	 beam	 on	 time	and	(c)	RMSEBeamOn.	
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		 	Figure	 8:	 (a)	 Coronal	 views	 of	 a	 “high	 impact”	 case	 (showing	 the	 single	 largest	difference	 in	 paired	 NCCDiff	 	 values	 in	 the	 study)	 and	 (b)	 a	 “low	 impact”	 case	(showing	the	single	smallest	difference	in	paired	NCCDiff		values	in	the	study).		Panel	(c)	compares	the	distribution	of	NCCDiff	values	between	RMG4DCT	and	Conv.	4DCT	on	 a	 per-phase	 bin	 basis	 for	 the	 set	 of	 488	 simulated	 scans.	 Note	 that	 in	 this	simulation,	Phase	1	is	the	maximal	exhale	phase	and	Phase	6	is	the	maximal	inhale.	
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4.	Discussion		 The	 aim	 of	 this	 work	 was	 to	 carry	 out	 an	 in	 silico	 performance	characterization	 of	 a	 fully	 real-time	 RMG-4DCT	 implementation	 using	 over	 100	hours	 of	 patient	 measured	 breathing	 motion	 data.	 	 Our	 results	 support	 the	hypothesis	 that	 RMG-4DCT	 can	 potentially	 reduce	 artifacts	 caused	 by	 breathing	irregularities	 during	 imaging	 (quantified	 using	RMSEBeamOn),	 as	well	 as	 reduce	 the	estimated	imaging	dose	(quantified	using	beam-on	time)	compared	to	Conventional	4DCT	 as	 modeled	 in	 the	 same	 in	 silico	 environment.	 	 Based	 on	 523	 paired-simulations	 and	 using	 the	 representative	 algorithm	 parameters	 in	 Sec	 3.2,	 RMG-4DCT	 reduced	 the	RMSEBeamOn	 by	 12.6%	on	 average	 (p<0.0001)	 and	 also	 reduced	average	 beam-on	 time	 by	 17.5%	 (p<0.0001).	 The	 reduction	 of	 beam-on	 time	 is	attractive	 in	a	clinical	setting	as	 it	helps	us	better	adhere	to	ALARA	principles	and	decrease	imaging	dose	which	has	been	linked	to	secondary	cancer	risk	(Brenner	et	al	2011).		By	reducing	the	imaging	dose	associated	with	4DCT,	clinicians	could	also	consider	 an	 expanded	 dose	 budget	 for	 imaging	 at	 other	 points	 either	 during	 the	treatment	process.	Quantitatively	speaking,	4DCT	for	lung	cancer	radiation	therapy	has	 been	 observed	 to	 have	 an	 effective	 dose	 roughly	 four	 times	 that	 of	 a	 non-4D	helical	 scan	 (Mori	et	al.	2009),	 so	 the	 reduction	of	4DCT	 imaging	dose	by	15-20%	could	 equate	 to	 an	 additional	 CT	 scan	 for	 response	 assessment	 or	 re-planning.	However,	 it	 is	 also	 clear	 that	 the	 benefits	 and	 risks	 of	 imaging	 dose	 may	 be	considered	to	vary	on	a	case-by-case	basis.	It	is	clear	that	image	quality	or	dose	improvements	of	RMG-4DCT	will	come	at	 the	cost	of	 longer	overall	 scan	 times.	 	On	average,	 the	RMG-4DCT	scan	 times	 in	Sec.	 3.2	 exhibited	 a	 104%	 increase	 compared	 to	 Conventional	 4DCT	 (p<0.0001).		This	is	a	result	of	RMG-4DCT	featuring	higher	selectivity	based	on	characteristics	of	the	 real-time	 breathing	motion,	 both	 in	 terms	 of	 avoiding	 breathing	 irregularities	and	also	eliminating	data	redundancy.	 	 It	 is	worth	noting	that	the	 increase	 in	total	scan	 times	 using	 RMG-4DCT	 was	 only	 3	 minutes	 on	 average,	 which	 may	 seem	inconsequential	 in	 the	 context	 of	 a	 30-minute	 imaging	 session.	 	 However,	 the	ultimate	 impact	 on	 imaging	 workflow	 needs	 to	 be	 assessed.	 	 Future	 work	 to	minimize	scan	times	would	go	a	 long	way	in	addressing	these	concerns.	 	This	may	include	using	RMG-4DCT	in	tandem	with	external	breathing	guidance.		For	example,	
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Pollock	et	al.	(Pollock	et	al	2016)	suggested	that	the	use	of	Audio-visual	biofeedback	(AVB)	could	reduce	RMG-4DCT	scan	times	as	much	as	30	seconds.		Another	option	is	to	limit	the	RMG-4DCT	acquisition	to	a	smaller	subset	of	breathing	phases	(e.g.	peak	exhale,	 peak	 inhale,	 mid-exhale	 and	mid-inhale).	 	 This	 is	 useful	 in	 the	 context	 of	observations	made	by	Rosu	et	al.	who	demonstrated	that	a	partial	4DCT	set	might	adequately	meet	the	task	of	cumulative	dose	calculation	(Rosu	et	al.	2007).	This	 study	 shows	 that	 the	 RMG-4DCT	 scan	 performance	 is	 sensitive	 to	 a	number	 of	 key	 algorithm	 parameters.	 The	 selection	 of	 the	 gating	 tolerance	 (Γ)	 is	critical	(see	Sec.	3.1.1.).		We	observed	that	fixed	values	of	Γ	<	2.0	were	typically	too	strict	 to	allow	scan	completion	within	acceptable	 timeframes	(i.e.	 the	8-10	minute	length	 of	 the	 typical	 motion	 trace),	 whereas	 Γ	 in	 the	 range	 2.0-4.0	 produced	acceptable	scan	times	without	grossly	compromising	RMSEBeamOn.	The	application	of	adaptive	 Γ	 selection	 strategies	 and/or	 baseline	 shift	 correction	 may	 allow	 RMG-4DCT	to	achieve	faster	total	scan	times,	however,	either	approach	will	make	RMG-4DCT	more	lenient	(less	selective)	with	respect	to	breathing	irregularities.	We	also	observed	 that	 beam-on	 times	 for	 RMG-4DCT	 could	 be	 significantly	 reduced	 by	increasing	 the	 gantry	 rotation	 speed	 (c.f.	 Figure	 5).	 There	 are	 two	 caveats	 when	interpreting	the	link	between	gantry	rotation	speed	and	the	beam-on	time.	First,	we	should	reiterate	that	some	Conventional	4DCT	protocols	will	adjust	the	tube	current	per	gantry	rotation	so	as	to	keep	the	imaging	dose	constant,	and	in	this	scenario	we	cannot	link	beam	on	time	and	estimated	imaging	dose	directly.	Second,	although	it	is	reasonable	to	anticipate	that	faster	gantry	speeds	will	result	in	reduced	motion	blur	(i.e.	 reduced	 data	 inconsistencies	 within	 a	 single	 phase	 bin),	 this	 effect	 was	 not	specifically	modeled	in	our	study.	Our	4DCT	image	quality	simulations	used	the	XCAT	to	compare	Conventional	4DCT	and	RMG-4DCT	 for	 the	 limiting	 case	of	 a	 strict	 gating	 tolerance	 (Γ=0.5)	 and	using	 a	NCC-based	metric	 for	 image	 artifact	 quantification.	 Based	 on	 488	 pairs	 of	simulated	 4DCT	 scans,	 RMG-4DCT	 exhibited	 a	 reduction	 in	 the	 90th	 percentile	NCCDiff	values	for	8	out	of	10	phase	bins	(see	Figure	8(c)),	however	at	the	population	level	 the	 differences	 were	 non-significant	 (p	 =	 0.08).	 This	 result	 is	 at	 odds	 with	previous	RMG-4DCT	simulations	using	the	XCAT	(Bernatowicz	et	al.	2015,	Pollock	et	al.	 2016),	 which	 found	 statistically	 significant	 image	 quality	 improvements	 using	
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RMG-4DCT.	 The	 non-significant	 findings	 here	 may	 be	 due	 to	 inherent	 disparities	between	the	XCAT	simulation	methodology	and	the	real-time	RMG-4DCT	prototype.	Namely,	 the	 XCAT	 simulations	 suppose	 an	 “instantaneous”	 CT	 slice	 acquisition	synchronized	 to	 each	 beam-on	 event,	whereas	 in	 reality	 (and	 as	modelled	 by	 the	prototype)	the	gantry	rotation	time	is	finite.	This	means	that	breathing	irregularities	captured	in	the	breathing	motion	analysis	may	not	be	captured	in	the	image	quality	simulations.	 In	 Figure	 8,	 it	 was	 observed	 that	 RMG-4DCT	 performed	 worse	 than	Conventional	4DCT	for	phase	bins	6	and	7	around	maximal	inhale.	This	may	appear	counterintuitive,	however,	we	believe	this	indicates	a	case	where	the	NCCDiff	metric	breaks	 down	 because	 RMG-4DCT	 is	 imaging	 a	motion	 range	 that	 is	 larger	 –	 or	 at	least	 different	 –	 to	 that	 being	 imaged	 in	 Conventional	 4DCT.	 Averaged	 over	 all	subjects	 and	 phase	 bins,	 we	 conclude	 that	 RMG-4DCT	 appears	 non-inferior	compared	 to	Conventional	4DCT	 in	 terms	of	 image	quality,	and	 that	 the	benefit	of	respiratory	motion	guidance	likely	sits	somewhere	in	between	the	results	provided	by	our	breathing	motion	and	image	quality	analyses.	The	true	impact	of	RMG-4DCT	may	be	somewhat	stochastic	in	nature,	much	like	the	breathing	irregularities	it	aims	to	overcome.	There	 are	 some	 limitations	 in	 this	 study	 that	 the	 authors	 would	 like	 to	address.	 	First,	 throughout	all	of	 the	breathing	motion	and	 image	quality	analyses,	we	 have	 assumed	 a	 perfect	 correlation	 between	 the	 motion	 of	 the	 hypothetical	imaging	target	(e.g.	tumour)	and	the	external	surrogate	(RPM	system).		In	a	clinical	scenario	the	internal/external	motion	will	not	be	perfectly	correlated	(Martin	et	al	2015,	Ionascu	et	al	2007,	Ernst	et	al	2012).		Second,	our	real-time	phase	calculation	(which	 lacks	 forward-prediction)	 will	 undoubtedly	 suffer	 reduced	 accuracy	compared	 to	 the	 retrospective	 phase	 calculations	 used	 in	 previous	 studies	 of	prospective	gated	4DCT.			The	ability	to	predict	breathing	phase	up	to	1/2	a	gantry	rotation	ahead	in	time	(i.e.	0.1-0.5	seconds)	would	be	a	useful	means	to	better	target	the	center	of	a	given	breathing	phase	bin	or	to	identify	the	onset	of	irregular	breathing	on	an	intra-scan	 basis.	 	 Ruan	 et	 al.	 previously	 demonstrated	 a	 consistently	 low	 degree	 of	prediction	error	(RMSE	<	3mm)	using	a	 local	regression	model	(LOESS)	to	predict	respiratory	 motion	 with	 look	 ahead	 times	 of	 up	 to	 1	 second	 (Ruan	 et	 al.	 2007).		
Page 28 of 34AUTHOR SUBMITTED MANUSCRIPT - PMB-106880.R1
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
Ac
ce
pt
d M
an
us
cri
pt
Compared	 to	 other	 prediction	 methods	 such	 as	 neural	 networks	 and	 Kalman	filtering,	 LOESS	 demonstrated	 robust	 performance,	 in	 particular	 for	 longer	 look-ahead	 times	 (0.5-1.0	 seconds).	 	 Future	 work	 looking	 at	 the	 impact	 of	 such	 a	prediction	technique	would	be	of	great	interest	to	potentially	improve	the	ability	of	RMG-4DCT	to	target	specific	breathing	phases	and/or	assigning	breathing	classifiers	in	real-time.		Finally,	 we	 note	 that	 even	 given	 the	 extensive	 freedom	 of	 an	 in-silico	environment,	 it	 was	 not	 feasible	 to	 test	 the	 impact	 of	 all	 the	 possible	 clinical	parameters	 (anatomic	 variations	 such	 as	 tumour	 size,	 shape,	 location	 as	 well	 as	different	 motion	 magnitudes)	 or	 scan	 parameters	 (such	 as	 reconstructed	 slice	thickness,	or	the	number/direction	of	couch	movements).		It	will	be	of	great	interest	to	 observe	 the	 impacts	 for	 some	 of	 these	 parameters	 in	 a	 future	experimental	implementation	of	RMG-4DCT.		
5.	Conclusion		 We	 have	 developed	 a	 fully	 computer-controlled	 and	 real-time	implementation	of	respiratory	motion	guided	(RMG)	4DCT,	and	have	characterized	its	 performance	using	 an	 in	silico	 simulation	 environment	with	 over	100	hours	 of	patient	measured	breathing	motion	data.	 	 Compared	 to	Conventional	 4DCT,	RMG-4DCT	 is	 shown	 to	 significantly	 improve	scan	performance	 in	 terms	of	key	metrics	such	 as	 the	 breathing	 regularity	 during	 imaging	 and	 estimated	 imaging	 dose	 at,	 a	cost	 to	 overall	 scan	 time.	 	 Additionally,	 XCAT	 simulations	 of	 RMG-4DCT	 image	quality	 demonstrated	 non-inferiority	 compared	 to	 Conventional	 4DCT	 with	 clear	potential	for	improvement.		The	extension	of	4DCT	scan	times	by	a	few	minutes	may	well	 be	 considered	 acceptable	when	balanced	 against	 the	need	 for	 improved	 lung	cancer	 imaging	and	reduced	 imaging	dose	to	 the	patient.	 	With	sensible	choices	of	gating	parameters,	the	trade	off	between	breathing	regularity	and	scan	time	can	be	optimized.	 RMG-4DCT	 represents	 a	 viable	 pathway	 to	 achieve	 improved	 4DCT	imaging	in	the	clinic.		
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